To improve the surface-stress sensitivity of piezoresistive microcantilever biosensors, this study presents cantilever designs with circular, square and triangular stress concentration regions (SCRs). The cantilever substrates are made of silicon and silicon dioxide and the piezoresistor is p-doped silicon. The cantilevers are characterized using FEM software for their surface-stress sensitivity and thermal vulnerability by applying surface stress, temperature and bias voltage loads. A relation for the surface-stress sensitivity of a silicon cantilever is also presented. Results show that use of SCRs in a silicon cantilever can improve its sensitivity by up to 55% and that a square SCR is the most suitable design to improve the overall sensitivity.
Introduction
Piezoresistive-type sensors are among the most widely used sensors in microsystems these days. The rapid development in semiconductor technology has greatly helped these sensors to evolve and be used in many novel applications. Some examples are strain sensors [1] , pressure sensors [2] , flow sensors [3] , accelerometers [4] , torque magnetometry [5] and force sensors [6, 7] . The main attractive feature of these sensors is their high sensitivity and self-sensing ability. These features become indispensible when the sensors are used to study entities in very low mass concentration such as in chemical, biochemical, biological studies, under operating obscure medium. Piezoresistive microcantilever biosensors have been successfully used in a variety of applications such as biochemical sensors [8] , in DNA sequencing [9] , protein sensors [10] and immunosensors [11] . These sensors measure the surface stress-induced resistance change to study the analyte-receptor type bonding interactions. The sensitivity of piezoresistive microcantilever biosensors can be improved by changing the cantilever design in such a way that a higher stress is induced inside the piezoresistor, which is the sensing element, of the cantilever for a given amount of surface stress and by using an efficient piezoresistor layout and resistance measurement system which can eliminate the noise. Thermal drifting and electrical noise such as Johnson and Hooge are the major sources of noise in piezoresistive microcantilever biosensors [12, 13] . The present study focuses on changing the cantilever designs to improve the sensitivity.
The design sensitivity can be improved by changing the piezoresistor size and its location [14] , the cantilever material [10, 15] and the cantilever shape [16, 17] . In general, the piezoresistor should be placed inside the cantilever far above the neutral axis of bending in order to achieve the maximum stress-sensing ability. In addition, the piezoresistor length should be kept short and the cross-sectional area high in order to reduce its electrical resistance and therefore the self-heating induced thermal noise [18] . Changing the cantilever material to one with lower elastic modulus is another way to improve deflection and therefore stress sensitivity of the sensor. This scheme, however, is only helpful when a hard piezoresistor is embedded in a soft cantilever substrate. The high deflection and high strain observed in this case amplify the stress induced inside the piezoresistor, thus improving its sensitivity. The sensitivity can also be improved by changing the cantilever shape from rectangular to paddled, stepped etc. These designs normally use the same piezoresistor and cantilever substrate material and basically use the high deflection and therefore high stress characteristics of the sensor to improve their sensitivity.
Improving the sensitivity of microcantilever biosensors by means of introducing stress concentration regions (SCRs) in the cantilever is one of the more attractive options because it is easy to implement and has relatively high gain. Because these designs can be realized in single material cantilevers, the design failure involving delamination of the constituent layers and interfacial fracture do not arise. Thus, these designs have high reliability. Bashir et al [19] used silicon piezoresistive cantilevers with SCRs in scanning probe microscopy. Yang et al [20] proposed oval SCRs to improve the sensitivity of piezoresistive microcantilever biosensors. Yang and Yin [21] used rectangular SCRs to improve sensitivity of piezoresistive microcantilever biochemical sensors. Mohammed et al [22] used SCRs to improve sensitivity of piezoresistive strain sensors. Similarly, Wahid et al [23] studied the effect of SCRs in various shapes on the sensitivity of piezoresistive microcantilever force sensors. Most of the studies on SCR have focussed mainly on increasing the stress inside the piezoresistor without considering the effect of the operating temperature environment and the self-heating phenomena in their piezoresistive microcantilevers, which can negate some gain in the sensitivity of these achieved by introducing the SCR. Therefore, the present study is not only presenting piezoresistive microcantilevers with different SCR designs, but also carrying a detailed analysis of the factors that can influence the surface stress-induced resistance change inside the piezoresistor.
To improve the surface-stress sensitivity of piezoresistive microcantilever biosensors, this work presents cantilever designs with circular, square and triangular SCRs. The performance of these SCR designs is compared against a regular cantilever design. The cantilevers are made of silicon and silicon dioxide, respectively, with a u-shaped piezoresistor of p-type inside. The characterization studies involved three different analyses. In the first analysis, the surface stressinduced sensitivity of each cantilever design is studied. In the second, the effect of operating temperature on its sensitivity is studied. In the third and final analysis, the cantilever is subject to the combined action of surface stress, operating temperature and bias voltage. The cantilever substrate material is then changed to silicon dioxide and the analyses are repeated to characterize its performance. Thus, in total eight cantilever designs are studied. We also present a simple analytical relation to predict the surface-stress sensitivity of silicon piezoresistive microcantilever biosensors under surface stress. The analytical results are compared against the numerical results obtained using finite element analysis software.
Theory and modelling
Piezoresistivity is a material property which changes its bulk electrical resistivity when pressed. Most materials show some degree of piezoresistivity, but this property is more pronounced in case of semiconductors. Piezoresistivity can be used very efficiently in semiconductor microcantilever designs to develop self-sensing biosensors. Such a sensor measures the change in the electrical resistance ( R/R) of its piezoresistor when analyte-receptor reactions occur on its active surface and induce stress inside the piezoresistor. The change in resistance is proportional to the stress induced in the piezoresistor as R/R = π l σ l , where π l is the longitudinal coefficient of piezoresistivity and σ l is the normal stress in the longitudinal direction of the piezoresistor. Figure 1 presents the schematic diagram of a regular piezoresistive microcantilever biosensor with a u-shape piezoresistor. The piezoresistor is made by doping the silicon cantilever substrate with p-type dopants. The change in its resistance is determined by measuring the voltage variation across the terminals when biased.
The longitudinal stress induced inside the piezoresistor due to surface stress ( σ ) can be determined by combining the surface stress-induced cantilever deflection and the classical bending moment relation for a microcantilever. The relation between piezoresistor deflection (z l ) and surface stress can be given as [25] 
where t is thickness of the cantilever and E and ν are the elastic modulus and Poisson's ratio of the cantilever material. K is a correction factor dependent on the material and geometric properties of the cantilever. K = 1.07 for the cantilever model used in this work [25] . The stress induced in the piezoresistor is related to its bending curvature (κ) as
where c is the distance between the piezoresistor axis and the neutral axis of the cantilever. In the case of the cantilever bending under the effect of surface stress acting on one surface only, the neutral axis lies at a depth of 2t/3 from it. Since the surface stress produces biaxial bending in the cantilever, equation (2) is using the biaxial elastic modulus E/(1 − ν). By applying the slope and deflection boundary conditions for the cantilever as dz/dx = 0 and z = 0, respectively, at x = 0, equation (2) can be solved to give the longitudinal stress inside the piezoresistor as
By combining equations (1) and (3), the surface-stress sensitivity of a silicon piezoresistive microcantilever biosensor can be given as It can be observed from equation (4) that the sensitivity of the biosensor can be improved by decreasing the cantilever thickness. This scheme, however, has a drawback in the form of a decrease in c as well. In addition, the fabrication of a very thin cantilever can compromise its structural integrity and reliability. Therefore, another scheme to improve the sensitivity of the biosensor is to introduce SCR in the cantilevers by introducing geometric discontinuity in the form of holes in the structure. Such a region significantly enhances the local stress level in the designs. Figure 2 shows the schematic of three SCR microcantilever designs with circular, square and isosceles triangular holes and a regular one without SCR for a comparison. The minimum cross-section of the three SCR designs are same. The cantilever size is 200 × 100 × 1 µm 3 . The piezoresistor is placed strategically in the SCRs for optimal stress sensing and converting it into the resistance change. The piezoresistor layout is highlighted in dark grey. The width of the piezoresistor is 10 µm and its thickness is 0.1 µm, and is located at a depth of 0.1 µm from the top cantilever surface. The piezoresistor was assumed doped with boron atoms in a concentration of about 10 16 cm −3 , which corresponds to π l = 72 × 10
and electrical resistivity ρ e,0 = 1 cm [26] . Two different cantilever materials are used. In Si/Si cantilevers, both the piezoresistor and the substrate are made of Si, whereas in Si/SiO 2 cantilevers the piezoresistor is Si but the substrate is SiO 2 . Thus, in total eight designs are studied in this work. It should be noted that surface stress is not the only factor responsible for resistance change in a piezoresistive microcantilever biosensor. The bias voltage can also have a significant adverse effect on the sensitivity of the biosensor because of the self-heating phenomena [24] . In addition, the role of operating temperature is also significant. Thus, the total resistance change in the biosensor is comprised of surface stress-induced and temperature-induced resistance changes. The temperature-induced resistance change can be given as R/R = η T , where η is the thermal coefficient of resistivity and T = (T max − T 0 ) is temperature variation of the piezoresistor and T 0 is the operating temperature of the biosensor. The maximum temperature produced in the regular silicon piezoresistive microcantilever biosensor because of the applied bias voltage, ϕ, can be given as [13] 
where
Here, l is piezoresistor length, L pzr is total electric current carrying path in the piezoresistor, A pzr its area of cross-section, V is the volume of the cantilever section which contains the piezoresistor and k is the thermal conductivity of the silicon. Thus, the total sensitivity of a piezoresistive microcantilever biosensor including the contributions from the surface stress, operating voltage and bias voltage can be given as
Numerical analysis
The numerical analysis involved the characterization of Si/Si and Si/SiO 2 microcantilevers in regular and SCR designs for their surface-stress sensitivity and thermal vulnerability in terms of operating temperature and self-heating. The surfacestress sensitivity was studied by determining the average longitudinal stress inside the piezoresistor of the cantilevers under the surface stress of 1 N m −1 . Similarly, the thermal vulnerabilities were studied by applying temperature load and temperature plus bias voltage load, respectively, to the cantilevers and determining the average longitudinal stress inside the piezoresistor of the cantilevers. The operating temperature was assumed to be 25
• C and the bias voltage was varied from 1 to 5 V. In order to achieve the maximum self-heating, the heat loss through convection heat transfer was neglected. Table 1 presents the material properties of the cantilevers. We used a commercial finite element analysis software ANSYS Multiphysics v.12 in the analyses. The three-dimensional numerical model was meshed by 3D coupled field 8-node scalar SOLID5 elements. These elements have the capability to perform coupled problems involving mechanical, thermal, electrical and piezoresistive effects. Solution convergence was performed for a number of cases to confirm the validity of simulation results. The models were solved under steady-state conditions. Figure 3 presents a comparison between the analytical and numerical results for the piezoresistor tip deflection and the average longitudinal stress induced inside the piezoresistor for a surface stress of 1 N m −1 . Symbols represent numerical results. The deflections were calculated using equation (1) whereas the stresses were calculated using equation (3) . c = 0.517 µm for the cantilever. Results show good conformity between the analytical and numerical data, and therefore the efficacy of equation (3) presented in this work. The deflections increase nonlinearly with piezoresistor length, whereas the stresses are relatively unaffected by the length increase. Since the surface-stress sensitivity of a piezoresistive microcantilever biosensor depends on the stress induced inside the piezoresistor and not on its deflection, the results shown in figure 3 suggest that increasing the piezoresistor length is unhelpful in increasing the sensitivity. In fact, an increase in piezoresistor length can have an adverse effect on its sensitivity by means of increasing its electrical resistance and therefore increasing its thermal drifting vulnerability. Therefore, in order to increase the surface-stress sensitivity, SCR designs combined with a short piezoresistor are a better alternative. Table 2 lists the maximum cantilever tip deflection (z L ), the average longitudinal stress inside the piezoresistor (σ l ), the fundamental resonant frequency of the cantilever (f 0 ) and the maximum stress inside the cantilever (σ max ) when a surface stress of 1 N m −1 is applied to the cantilever designs shown in figure 2 . The three SCR designs show higher maximum values of σ l than the regular designs for both Si/Si and Si/SiO 2 microcantilevers. This suggests that SCR designs presented in this work are helpful in inducing a higher stress in the piezoresistor and therefore in improving the surface stress sensitivity of the biosensors. In addition, the change in cantilever material from Si/Si to Si/SiO 2 nearly doubled the piezoresistor stress for each design.
Results and discussion
It can be observed in table 2 that the values of both cantilever deflections and piezoresistor stress are higher in the case of the SCR designs than the regular ones. This can be attributed to the reduction in their bending stiffness because of the reduction in their cross-sectional area around the SCR due to the presence of holes. The high deflections induced a high stress inside the piezoresistor. The reduction in bending stiffness is much higher in Si/SiO 2 cantilevers because of its lower elastic modulus, which is less than half of the Si. Therefore, the deflection and stress values in Si/SiO 2 cantilevers are nearly two times the Si/Si cantilevers. The decrease in bending stiffness is also responsible for the reduction in resonant frequencies of the cantilevers. Since the maximum stresses inside the cantilevers are well below their fracture strength of about 300 MPa for silicon [27] and 110 MPa for silicon dioxide [28] , the designs presented in this study are safe from fracture failure, which is a common mode of failure in brittle materials. Figure 4 presents the longitudinal stress distribution in the piezoresistor of Si/Si and Si/SiO 2 microcantilever biosensors for a surface stress of 1 N m −1 . Although the distribution patterns are similar, Si/SiO 2 cantilevers show higher values for stress than their Si/Si counterparts. Figure 5 presents a comparison between the average longitudinal stress induced in the piezoresistor of Si/Si and Si/SiO 2 cantilevers by the surface stress, the operating temperature and the resultant stress because of the two, which is called signal here. It is clear in the figure that surface stress induced positive stress, whereas the temperatureinduced negative stress in all of the cantilevers. The adverse effect of temperature is more serious in Si/SiO 2 cantilevers. Thus, the improvement in surface-stress sensitivity achieved by changing the cantilever material from Si/Si to Si/SiO 2 is negated by its thermal vulnerability. Table 3 presents the normalized results for the surfacestress sensitivity of Si/Si and Si/SiO 2 cantilevers for surface The results show that SCR designs can improve the sensitivity of Si/Si and Si/SiO 2 cantilevers, respectively, by up to about 60% and 54% if voltage is not applied. However, in practice, the resistance change and therefore the sensitivity of the biosensor cannot be measured without the application of bias voltage. It can be seen in the table that application of bias voltage of 1 V decreases the sensitivity of both Si/Si and Si/SiO 2 cantilevers. It should be recalled that bias voltage is applied along with the assumed biosensor operating temperature T = 25
• C. And, it is the operating temperature and not the bias voltage which is mainly responsible for the reduction in the sensitivity. In fact, for ϕ = 5 V the maximum average piezoresistor temperature increased by less than 0.5 • C for Si/Si and about 1 • C for Si/SiO 2 cantilevers. Thus, the effect of self-heating in the cantilevers is less significant than the operating temperature. The negative sensitivity result in the case of the regular Si/SiO 2 cantilever shows that the cantilever is more affected by the thermal effect than the surface stress.
The reduction in sensitivity can be attributed to the overall result of the two contradictory effects in the form of tensile stress and compressive stress acting simultaneously on the piezoresistor, presented in figure 5 . This cancellation effect is clearly observed in table 3, wherein the sensitivities decrease due to applied voltage. The surface stress produces tensile or positive stress in the piezoresistor of Si/Si and Si/SiO 2 cantilevers (figure 4). Figure 6 shows the longitudinal stress distribution in the piezoresistor of Si/Si and Si/SiO 2 cantilevers due to the operating temperature of 25
• C. It can be seen in the figure that the operating temperature produces partly compressive stress and totally compressive stress in the piezoresistor of Si/Si and Si/SiO 2 cantilevers, respectively. Si/SiO 2 cantilevers are more adversely affected by the temperature than Si/Si cantilevers. This can be explained by the fact that the stress in the case of Si/Si cantilevers is because of the constraining effect, whereas that in Si/SiO 2 is because of the combined action of the constraining and encapsulation effect. This results in a greater cancellation effect in Si/SiO 2 cantilevers than in Si cantilevers ( figure 5 and  table 3 ). The constraining at the fixed-end of the cantilever restricts its movement produced by the thermal expansion and therefore induces a compressive stress inside the piezoresistor. In contrast, the encapsulation effect arises because of the mismatch in the thermo-elastic properties Si and SiO 2 (table 1). The Si piezoresistor, which has a higher expansion coefficient, is encapsulated inside the SiO 2 substrate, which has a lower coefficient, cannot expand freely and therefore is compressed. The encapsulation effect can be reduced by operating the cantilever at low temperatures and low bias voltages. Figure 7 shows the longitudinal stress distribution in Si/Si and Si/SiO 2 cantilevers under the combined surface stress and voltage loads. The top insulating layer of the cantilever is not shown in the figure. It is obvious in the figure that the piezoresistors are more stressed in SCR designs than the regular ones and therefore SCR designs are more sensitive to both surface stress and thermal effects. It is clear in table 3 that the square SCR design silicon cantilever not only shows significant improvement in surface-stress sensitivity but also is relatively less affected by thermal effects, Thus, based on the overall performance of the cantilever designs studied in this work, we can conclude that the Si/Si cantilever with a square SCR is the most suitable design to for use in piezoresistive microcantilever biosensors.
Conclusions
This study investigated the effect of introducing SCRs in cantilevers in order to improve their surface-stress sensitivity when used as biosensors. Three SCR designs with circular, square and triangular holes were studied. We presented and verified a simple relation for predicting surface-stress sensitivity of silicon piezoresistive microcantilever biosensors. We found that if temperature is neglected the surface-stress sensitivity is improved up to 60% in silicon and up to 54% in silicon dioxide cantilevers when SRCs are introduced. In addition, the change in cantilever material from silicon to silicon dioxide increased the sensitivity by up to three times. However, if operating temperature is also considered, the sensitivities in all cantilevers decreased. Silicon dioxide cantilevers were more affected because the encapsulation stress inside its piezoresistors severely negated the surface stressinduced resistance. Based on the results, we can conclude that practically only silicon cantilevers benefit from SCR designs. Silicon dioxide cantilevers are more vulnerable to thermal effects in the form of encapsulation stress. And, a silicon cantilever with a square SCR is the most suitable design to improve the sensitivity of piezoresistive microcantilever biosensors.
